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ABSTRACT
Photonic network-on-chip (PNoC) architectures employ photonic
waveguides
with
dense-wavelength-division-multiplexing
(DWDM) for signal traversal and microring resonators (MRs) for
on-off-keying (OOK) based signal modulation, to enable high
bandwidth on-chip transfers. Unfortunately, the use of larger
number of DWDM wavelengths to achieve higher bandwidth
requires sophisticated and costly laser sources along with extra
photonic hardware, which adds extra noise and increases the power
and area consumption of PNoCs. This paper presents a novel
method (called 4-PAM-P) of generating four-amplitude-level
optical signals in PNoCs, which doubles the aggregate bandwidth
without increasing utilized wavelengths, photonic hardware, and
incurred noise, thereby reducing the bit-error-rate (BER), area, and
energy consumption of PNoCs. Our experimental analysis shows
that our 4-PAM-P signaling method achieves equal bandwidth with
4.2× better BER, 19.5% lower power, 16.3% lower energy-per-bit,
and 5.6% less photonic area compared to the best known 4amplitude-level optical signaling method from prior work.

Categories and Subject Descriptors: [Networks] Network on
chip; [Hardware] Integrated Circuits/Interconnect: Photonic and
optical interconnect

Keywords: Photonic network on chip; multilevel optical
signaling; optimization; energy efficiency; reliability

1 INTRODUCTION
In the many-core era, processors with hundreds of cores on a
single chip are gradually becoming a reality. The performance of
these many-core processors is driven by the effectiveness of the
underlying electrical network-on-chip (ENoC) fabrics that are
becoming increasingly crosstalk- and energy-limited [1]. To this
end, due to the recent developments in the area of silicon photonics,
photonic network-on-chip (PNoC) fabrics have been projected to
supersede ENoCs. PNoCs offer several benefits over ENoCs such
as higher bandwidth density, distance-independent bit-rate, and
smaller data-dependent energy.
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Typical PNoC architectures (e.g., [1]-[4], [8]) and off-chip
photonic interconnects (e.g., [25], [26]) utilize several photonic
devices such as multi-wavelength lasers, microring resonators
(MRs), waveguides (WGs), and splitters. A broadband laser source
generates light of multiple wavelengths (λs), each wavelength (λ)
of which serves as a data signal carrier. Simultaneous traversal of
multiple λ-signals across a single photonic WG is possible using
dense wavelength division multiplexing (DWDM), which enables
parallel data transfer across the photonic WG. For instance, a
DWDM of 64 λs can transfer 64 data bits in parallel. At the source
node, multiple MRs typically modulate multiple electrical data
signals on the utilized DWDM λs (data-modulation phase). In
almost all PNoCs in literature, modulator MRs utilize on-off keying
(OOK) modulation, where-in the presence and absence of λs in the
WG are used to represent logic ‘1s’ and ‘0s’. Similarly, at the
destination node, multiple MRs with photodetectors at their drop
ports are used to filter and detect light-modulated data signals from
the WG (data-detection phase) and generate proportional electrical
signals. In general, the use of a large number of DWDM λs enables
high bandwidth parallel data transfers in PNoCs.
Unfortunately, a number of challenges related to area [8], cost
[32], reliability [11], and energy-efficiency [13] still need to be
overcome for efficient implementation of PNoCs that utilize a large
number of DWDM λs (typically 64 or more DWDM λs per WG).
Generating a large number of DWDM λs requires a combgenerating laser source, the ineffectiveness, complexity, and cost of
which increase with the number of λs generated [5]. Moreover,
utilizing a larger number of DWDM λs to achieve higher-bandwidth
data-transfers in a PNoC results in larger network flit size and more
electrical and photonic hardware (more number of modulator and
detector MRs and their drivers). A larger network flit size also
results in larger sized buffers in the network gateway interfaces,
which results in significantly higher area and power overheads.
Similarly, larger number of MRs and drivers also incur greater
photonic area and MR heating power overheads. Furthermore, the
use of a larger number of DWDM λs decreases the gap between two
successive λ-channels, which in turn increases the heterodyne
crosstalk noise in PNoCs, harming the reliability of communication
[6], [9]. Thus, the use of larger number of DWDM λs to achieve
higher bandwidth in PNoCs is not a reliable and energy-efficient
option. This motivates the need for a more reliable and energyefficient way of achieving higher bandwidth data transfers in PNoC
architectures.
In [4] and [7], Kao et al. proposed a multilevel optical signaling
format 4-PAM (4-pulse amplitude modulation) to achieve higher
bandwidth and energy-efficient data communication in PNoCs. 4PAM optical signaling format doubles the bandwidth by
compressing two bits in one symbol carried out by four levels of
amplitude. Kao et al. utilize superposition of two OOK-modulated
optical signals of the same λ with 2:1 power ratio to create a 4-PAM
λ-signal. We found that this signal superposition based 4-PAM
optical signaling method (referred to as 4-PAM-SS henceforth)

incurs significantly high power, photonic area, and reliability
overheads (Section II). The shortcomings of 4-PAM-SS motivate the
need for a more reliable, energy- and area-efficient method of
implementing 4-PAM signaling.
In this paper, we present a novel method (referred to as 4-PAMP henceforth) of generating 4-PAM optical signals, which employs
only one modulator MR per λ to directly modulate the designated
λ-signal in 4-PAM format. We present a search heuristic based link
optimization framework that finds the optimal value of number of
DWDM wavelengths (Nλ) from a constrained space of all its
allowable values to achieve desired performance and/or reliability
goals for the target photonic link. We use our framework to
optimize the designs of three types of photonic links, each of which
uses OOK, 4-PAM-SS, or 4-PAM-P optical signaling method. Our
experimental analysis shows that PNoCs that are comprised of 4PAM-P based optimized links render greater reliability, energyefficiency, and area-efficiency with equal bandwidth compared to
the PNoCs that are comprised of 4-PAM-SS or OOK based
optimized links. We summarize the key contributions in this paper
as follows:
• We propose a novel technique (4-PAM-P) of generating 4-PAM
optical signals in PNoCs, which proves to be more reliable, areaand energy-efficient than the previously proposed signal
superposition based 4-PAM-SS method [7] and the conventional
OOK method;
• We present a search heuristic based optimization framework that
optimizes the designs of OOK, 4-PAM-SS, and 4-PAM-P
signaling based photonic links to achieve desired performance
and/or reliability goals;
• We evaluate the impact of the optimized designs of OOK, 4PAM-SS and 4-PAM-P based photonic links on the
performance, reliability and energy-efficiency of a well-known
PNoC architecture: an 8-ary 3-stage CLOS PNoC [4].

2 BACKGROUND AND MOTIVATION
In this section, we first present an overview of the signal
superposition based 4-PAM optical signaling method (referred to as
4-PAM-SS) from [7]. In 4-PAM-SS, at first, two separate OOKmodulated signals of each of the utilized DWDM λs are generated
in two separate parallel WGs. Then, these two sets of OOKmodulated DWDM signals are superposed using a combiner to
generate one set of 4-PAM modulated DWDM signals. Each
amplitude level of a 4-PAM λ-signal represents one of the four
combinations of two bits (00, 01, 10, or 11). When the entire
DWDM spectrum of 4-PAM signals reach the destination node,
each signal is filtered by its corresponding in-resonance MR and is
converted back into two electrical signals by a photodetector and a
back-end receiver circuit. As discussed in [7], the back-end receiver
circuit consists of three sense-amplifiers and two logic gates that
decode the 4-PAM modulated signal.
Ideally, in the 4-PAM-SS method, when the combiner superposes two OOK-modulated signals, a 4-PAM modulated signal is
generated owing to the constructive interference between the two
OOK signals. However, the constructive interference happens only
if both the OOK signals have identical phases. Unfortunately, in the
presence of non-idealities such as process and on-chip temperature
variations, a significant phase difference exists between the two superposed OOK signals, which leads to destructive interference between them. Owing to the random nature of process and on-chip
temperature variations, this incurred phase difference may fall anywhere in the range from 0 to 2π. This implies that the degree of
destructive interference incurred between the OOK signals due to

the phase difference (and hence the strengths of the symbols of the
resultant 4-PAM signal) may fall anywhere in a very large ranges
of values. This in turn makes it very hard to ensure reliability of
communication with a 4-PAM-SS photonic link.
The worst-case destructive interference in 4-PAM-SS occurs
when the two superposed OOK signals are completely out of phase,
i.e., when the phase difference between them is an odd multiple of
π. The amount of signal loss due to the superposition of two out of
phase OOK signals depends on their individual signal strengths.
Typically, as explained in [7], in 4-PAM-SS method, to
equidistantly space the four amplitude levels of the output 4-PAM
signal in the available range of optical transmission, the strengths
of the individual OOK signals are kept to be two-third and one-third
of the strength of the conventional OOK signal. Hence, for the bestcase constructive interference between the superposed OOK
signals, the strength of the resultant 4-PAM signal becomes
2/3+1/3=1. In contrast, for the worst-case destructive interference,
the strength of the resultant 4-PAM signal becomes 2/3-1/3=1/3,
which makes the worst-case interference-related signal loss to be
-10×log(1/3) = 4.8dB.
In summary, the interference-related signal loss in 4-PAM-SS
[7] reduces signal-to-noise ratio (SNR), BER, and overall communication reliability. Furthermore, as explained in [7], the 4-PAMSS method requires additional photonic hardware, such as one
asymmetric splitter, two modulator MRs per λ (for two OOK signals), and a combiner. This additional photonic hardware reduces
the area benefits of the 4-PAM-SS method compared to the traditional OOK method. In this paper, we present a novel, more reliable,
and energy- and area-efficient 4-PAM signaling method (4-PAMP), which overcomes the shortcomings of the 4-PAM-SS method.
The next section describes our proposed 4-PAM-P method in detail.

3 PROPOSED 4-PAM-P OPTICAL SIGNALING
3.1 Overview
Unlike 4-PAM-SS, our proposed 4-PAM-P method employs
only one modulator MR per λ to directly modulate the designated
λ-signal in 4-PAM format. This type of 4-PAM signal generating
modulator MRs are demonstrated in [19], [21], and [22]. Our
proposed 4-PAM-P method extends the use of such modulator MRs
in DWDM based PNoCs. Before we discuss about how our 4-PAMP method works, it is important to understand how a modulator MR
works in the conventional OOK method.

Fig. 1. Illustration of optical transmission and microring resonator
(MR) spectra for (a) OOK signaling, (b) proposed 4-PAM-P signaling.

Ideally, a modulator MR is designed to operate in resonance with
a signal-λ in its default state. But due to process and on-chip
temperature variations, the MR’s resonance λ often deviates from
the signal-λ (black curve in Fig. 1(a)). In this case, as shown in Fig.
1(a), the MR’s resonance λ (center/peak of the MR’s passband)
needs to be brought in alignment with the signal-λ by either

temperature or electrical tuning of the MR [29]. In this tuned state
(purple curve), the MR remains in resonance with the signal-λ,
which enables the MR to modulate logic 0 on the signal-λ, by
removing the signal-λ from the WG. Thus, in this tuned state of the
MR, a non-zero tuning-bias voltage (VT) but zero signal-bias
voltage (V0 = 0) is applied to the MR. Hence, as shown in Fig. 1(a),
the total bias voltage applied to the MR in the tuned state (purple
curve) is VB = VT + V0 → VB = VT. On the other hand, the MR is
operated in the off-resonance state to modulate logic 1 on the signalλ. For that, a specific non-zero signal-bias voltage V1 is applied to
the MR, which shifts the passband of the MR to be in off-resonance
state (red curve). Thus, the net bias voltage applied in the offresonance state of the MR is VB=VT+V1.
In summary, in conventional OOK modulation, to modulate a
particular sequence of 1s and 0s on the signal-λ, the modulator MR
is switched off and on resonance with the signal-λ by applying the
net bias voltages of VT+V1 and VT+V0 to the MR, respectively. Note
that the value and polarity of VT depends on the amount and
direction of the variation-induced resonance shift, which can be
efficiently assessed by using the dithering signal based method
demonstrated in [18]. Moreover, in the OOK method (Fig. 1(a)),
two levels of optical transmissions (L0 and L1) are achieved that
correspond to net bias voltages of VT+V0 and VT+V1. The difference
between L0 and L1 is defined as modulation depth.
In our 4-PAM-P method, as shown in Fig. 1(b), we introduce two
more intermediate levels of optical transmissions L01 and L10
between L0 and L1 within the modulation depth. For that, we
introduce two more levels of signal-bias voltages V01 and V10
between V0=0 and V1. Thus, in 4-PAM-P, signal-bias
voltages/optical transmission levels V0/L0 (or V00/L00), V1/L1 (or
V11/L11), V01/L01, and V10/L10 correspond to bit combinations “00”,
“11”, “01”, and “10” respectively. Note that as demonstrated in
[19], the resonance passbands of the carrier-depletion based
optimized MRs can be shifted with a signal voltage efficiency of
2GHz/V. This allows MRs with bandwidths even as low as ~10GHz
(corresponding to the quality factor of 18000) to have very fine and
efficient control of optical transmission levels in the resultant 4PAM signals [19].
In contrast to the 4-PAM-SS method, 4-PAM-P does not use
signal superposition to create 4-PAM signals, and therefore does
not incur interference-related signal loss. As a result, for given noise
power, 4-PAM-P renders greater SNR with better BER. Moreover,
4-PAM-P requires one less modulator MR per λ, and it does not
require additional splitters and combiners. As a result, 4-PAM-P
consumes less photonic area and dissipates less static power related
to tuning of MRs. Due to all these benefits, 4-PAM-P is more
reliable, energy- and area-efficient than the 4-PAM-SS method.
However, compared to the OOK and 4-PAM-SS methods, the
use of 4-PAM-P requires some minor modifications in how
electrical-to-optical (E/O) conversion of data at the
sender/modulator side is implemented. At the receiver side, opticalto-electrical (O/E) conversion of data in 4-PAM-P is carried out in
the same manner as in the 4-PAM-SS method, as demonstrated in
[7]. Note that from [20] and [7], a 4-PAM signal with the same
baud-rate as of an OOK signal requires 4.8dB more received power
to achieve the same BER as achievable by the OOK signal.
Therefore, for our link- and architecture-level analysis in Section
IV and V, we consider the detector sensitivity threshold for both the
4-PAM-SS and 4-PAM-P methods to be 4.8dB more than the
conventional OOK method, as manifested by the SNRTarget value in
Eq. (3). The next subsection describes how E/O conversion is
implemented in our 4-PAM-P method.

3.2 E/O Conversion in 4-PAM-P Method
In a typical PNoC, at the electrical-optical interface of a sender
node, the input electrical flits are temporarily stored in first-in-firstout (FIFO) buffers before the modulator MRs convert them into the
optical domain. Typically, for PNoCs with equal-sized electrical
and optical flits, the size of each entry of the FIFO buffer is equal
to the size of the optical flit, which is equal to the number of bits
transferred in parallel on DWDM λs [3]. N parallel electrical bitstreams can be produced when multiple N-bit entries of the FIFO
buffer are evicted in sequence, triggered by consecutive clock edges
(or levels). The modulator MRs at the E/O interface convert these
parallel electrical bit-streams into parallel optical bit-streams.
Fig. 2(a) illustrates E/O conversion for the conventional OOK
method, using an example photonic link with 4-bit flit-size. Each of
the four parallel electrical bit-streams available is mapped to a
designated modulator MR that is designed to operate on a particular
λ. Accordingly, each of these bit-streams is applied to a driver
circuit, which produces a corresponding sequence/stream of signalbias voltages V0 and V1. Then, the designated modulator MR is
driven by this sequence of signal-bias voltages, after the voltage
sequence is offset with a constant tuning-bias voltage VT
corresponding to and adjusting for the variation-induced resonance
shift in the modulator MR. As explained in the last subsection,
because of this applied sequence of bias voltages, each modulator
MR (corresponding to an electrical bit-stream) modulates the input
electrical bit-stream onto the corresponding DWDM λ, generating
an OOK-modulated optical signal.

Fig. 2. Schematics of (a) OOK-based, (b) 4-PAM-P based photonic links.

On the other hand, as shown in Fig. 2(b), in the proposed 4-PAMP method as well, the FIFO buffer generates four parallel electrical
bit-streams. Two adjacent electrical bit-streams of these four bitstreams are applied as inputs to a digital-to-analog converter (DAC)
circuit. The DAC coverts each input two-bit combination to a
signal-bias voltage level out of four possible voltage levels V00, V01,
V10, and V11 (see Section III.A). Thus, four parallel electrical bitstreams are converted in two parallel sequences of signal-bias
voltages by two concurrently operated DAC units. These two
parallel sequences of signal-bias voltages, after being offset by

corresponding tuning-bias voltages, are applied to two designated
modulator MRs that are designed to operate on two different λs.
These modulator MRs modulate the applied sequences of four-level
voltages onto their corresponding λs to generate two parallel fouramplitude-level (4-PAM) optical signals.
Now, as given in the inset of Fig. 2(b), two different designs of
a high-speed DAC circuit are possible: electrical DAC [21] and
optical DAC [22]. In [21], a 40Gbps DAC designed in 65nm CMOS
is demonstrated, which utilizes a segmented pulsed-cascode output
stage to achieve 4-PAM modulation on a single MR. This electrical
DAC (demonstrated in [21]) consumes 3.04pJ/bit power to convert
two input electrical bit-streams into a four-level electrical signal (4PAM electrical signal) at 40Gbps. This 4-PAM electrical signal,
after being properly conditioned by signal-bias voltages, is applied
to an MR that generates a proportional optical 4-PAM signal. Thus,
the conversion of two input electrical bit-streams into a single 4PAM optical signal happens in two stages. In the first stage, the
input bit-streams are converted into an electrical 4-PAM signal by
the DAC circuit. Then in the second stage, this 4-PAM electrical
signal is converted into optical domain by the modulator MR. The
caveat of this electrical DAC based conversion method is that it
incurs significant area and energy overhead and imposes nonlinearity onto the E/O transfer functions of the driven MRs [22]. To
overcome these shortcomings, Moazeni et al. in [22] utilized an
optical DAC, which is basically a “spoked” MR of 5μm radius with
~10000 Q that directly converts two input electrical bit-streams into
a 4-PAM optical signal for only 0.197pJ/bit power consumption at
20Gbps bit-rate. Thus, the use of these “spoked” MRs collapses the
two-stage E/O conversion process into a single stage process, and
thus, eliminates the need for external electrical DAC circuit. In this
case, the DAC circuits shown in Fig. 2(b) are eliminated and the
input electrical bit-streams are directly applied to the corresponding
“spoked” MRs. We utilize these optical DACs (“spoked” MRs) in
our 4-PAM-P method and account for 0.197pJ/bit power
consumption (as part of Tx/Rx power) per DAC in our architecturelevel evaluation presented in Section V.

4 PHOTONIC-LINK DESIGN METHODOLOGY
A naive design of photonic links can result in suboptimal values
of bandwidth, power, and reliability for the associated PNoC [10].
Therefore, irrespective of the utilized optical signaling method, it
becomes imperative to optimize the designs of the constituent photonic links to achieve maximum bandwidth, energy-efficiency, and
reliability at the PNoC architecture level. From [6] and [10], for
photonic-link design optimization, the number of DWDM λs per
waveguide (Nλ) is the most important design parameter, and link
𝐝𝐁
power-budget (𝐏𝐁𝐮𝐝𝐠𝐞𝐭
) is the most critical design constraint. For
optimal use of the available power budget and link bandwidth [10],
𝐝𝐁
parameters Nλ and 𝐏𝐁𝐮𝐝𝐠𝐞𝐭
should meet conditions given in Eq. (1),
where the expressions for the constituent terms of Eq. (1) are given
in Eq. (2)-(4).
Eq. (3) is derived from the equation for the required photodiode
power given in [12]. In Eq. (3), S represents the required detector
sensitivity threshold (i.e., minimum detectable power) in dBm to
achieve the target SNR (SNRTarget). Table 1 gives the definitions and
values of various parameters used in Eq. (2)-(4). As evident from
Table 1, SNRTarget is different for OOK and 4-PAM signals, the
reason for which is explained in Section IV-B. We use the power
drop equation given in [24] to reckon the heterodyne crosstalk noise
𝐻𝑇𝐶
power (𝑃𝑁𝑜𝑖𝑠𝑒
) for MR filter Q-factor of 9000 and baud-rate (or bitrate) of 10Gbps, which defines the detector sensitivity threshold S

in Eq. (3). From [12], the OOK and 4-PAM modulated signals have
identical frequency spectra (represented by the sinc function).
Therefore, the power drop equation given in [24] can be equally
𝐻𝑇𝐶
applicable to OOK and 4-PAM signals for reckoning 𝑃𝑁𝑜𝑖𝑠𝑒
by
simply replacing the bit-rate in the equation with the signal baudrate. Note that, as a single symbol in a 4-PAM signal represents two
bits, the bit-rate for a 4-PAM signal is twice its baud-rate (or
symbol-rate). We use Lorentzian function based equations given in
[6], [28] to reckon through losses of modulator and detector MRs
𝑀𝑀𝑅
𝐷𝑀𝑅
(𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐿𝑜𝑠𝑠
respectively), all of which depend on Nλ. As can
𝑀𝑀𝑅
be implied from [27] and [24], for a given photonic link, 𝑃𝐿𝑜𝑠𝑠
,
𝐻𝑇𝐶
𝐷𝑀𝑅
𝑃𝐿𝑜𝑠𝑠 , and 𝑃𝑁𝑜𝑖𝑠𝑒 increase with increase in Nλ due to corresponding
𝑑𝐵
𝑑𝐵
decrease in channel gap. Hence, 𝑃𝐿𝑜𝑠𝑠
, S, and therefore, 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
depend on Nλ (Eq. (2)-(4)). Now, as evident from Eq. (2), a value of
𝑑𝐵
𝑑𝐵
Nλ can be calculated from values of 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
. However,
𝑑𝐵
𝑑𝐵
the values of 𝑃𝐿𝑜𝑠𝑠 and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡 also depend on Nλ (Eq. (2)-(4)).
Therefore, it can be concluded that Nλ has cyclic dependency on
𝑑𝐵
𝑑𝐵
parameters 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, i.e., Nλ depends on and also controls
𝑑𝐵
𝑑𝐵
the parameters 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
. Due to this cyclic dependency,
the optimal value of Nλ cannot be obtained directly from the
𝑑𝐵
𝑑𝐵
parameters 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
. Therefore, we employ a search
heuristic that finds the optimal value of Nλ that satisfies the
constraint for given sets of input parameters, from a set of its
allowable values.
𝑑𝐵
𝑑𝐵
𝑃𝐵𝑢𝑑𝑔𝑒𝑡
≥ 𝑃𝐿𝑜𝑠𝑠
+ 10 log 10 (𝑁𝜆 ),

(1)

𝑑𝐵
𝑃𝐵𝑢𝑑𝑔𝑒𝑡
= 𝑃𝑀𝑎𝑥 − 𝑆,

(2)

𝐻𝑇𝐶
𝑇ℎ𝑒𝑟𝑚𝑎𝑙
𝑆 = 0.5×𝑆𝑁𝑅𝑇𝑎𝑟𝑔𝑒𝑡 + 𝑃𝑁𝑜𝑖𝑠𝑒
+ 𝑃𝑁𝑜𝑖𝑠𝑒
,

(3)

𝑆𝑝𝐶

𝑑𝐵
𝑀𝑀𝑅
𝐷𝑀𝑅
𝑊𝐺𝑃
𝑊𝐺𝐵
𝐼𝑁𝑇𝑅𝐹
𝑃𝐿𝑜𝑠𝑠
= 𝑃𝐿𝑜𝑠𝑠
+ 𝑃𝐿𝑜𝑠𝑠
+ 𝑃𝐿𝑜𝑠𝑠
+ 𝑃𝐿𝑜𝑠𝑠
+ 𝑃𝐿𝑜𝑠𝑠 + 𝑃𝐿𝑜𝑠𝑠
,

(4)

Table 1: Definitions and values of various link design parameters
Parameter
Definition
Value
PMax
Maximum allowable optical power per WG
20dBm [10]
𝑇ℎ𝑒𝑟𝑚𝑎𝑙
𝑃𝑁𝑜𝑖𝑠𝑒
Thermal noise power for detector
-22dBm [20]
OOK
21.7dB [12]
SNRTarget Target SNR value
4-PAM
31.3dB [12]
𝑊𝐺𝐵
𝑃𝐿𝑜𝑠𝑠
Waveguide bending loss (dB per 90°)
0.005 [6]
𝑊𝐺𝑃
𝑃𝐿𝑜𝑠𝑠
Waveguide propagation loss
0.27dB/cm [6]
𝑆𝑝𝐶
Splitter + coupling loss
1.2dB [6][7]
𝑃𝐿𝑜𝑠𝑠
Laser efficiency
30% [7]
Detector responsivity
1.1 A/W [7]
Detector bandwidth
5GHz
4-PAM-SS
4.8dB
𝐼𝑁𝑇𝑅𝐹
𝑃𝐿𝑜𝑠𝑠
Signal interference loss
4-PAM-P and OOK
0dB

4.1 Search Heuristic Based Optimization
Our proposed search heuristic performs exhaustive search to
find the optimal constraint-satisfying value of Nλ. To limit the cost
and complexity of the comb-generating laser source [5], and to be
consistent with the prior works on 4-PAM optical signaling [4] and
[7], we limit the maximum allowable value of Nλ to 128. Moreover,
as the flit-size of a PNoC is directly proportional to the value of Nλ,
and as the flit-size is usually a power-of-two value, the allowable
values of Nλ should also be power-of-two values. Because of these
reasons, we give a set Λ = {128, 64, 32, 16, 8, 4, 2, 1}, which is a
set of all allowable values of Nλ, as an input to our search heuristic.
Based on the constraint in Eq. (1), we create an error function
𝑑𝐵
𝑑𝐵
𝑒𝑓(𝑁𝜆 ) = {𝑃𝐵𝑢𝑑𝑔𝑒𝑡
− 𝑃𝐿𝑜𝑠𝑠
− 10 log10 (𝑁𝜆 )}. Then, for each

element Nλ of the set Λ, we evaluate an error value ϵ = 𝑒𝑓(𝑁𝜆 ) using
Eq. (1)-(4) and parameter values from Table 1, and create a set E of
𝐻𝑇𝐶
𝑀𝑀𝑅
𝐷𝑀𝑅
all ϵ values. For that, we evaluate 𝑃𝑁𝑜𝑖𝑠𝑒
, 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐿𝑜𝑠𝑠
values
using equations given in [24] and [6] (as mentioned earlier). All Nλ
values corresponding to the positive ϵ values in set E satisfy the
constraint given in Eq. (1). But we choose the Nλ corresponding to
the minimum positive value ϵmin from set E as the optimal value,
because such Nλ is the maximum constraint-satisfying value of the
number of DWDM λs.
Note that this search heuristic is equally applicable to OOK, 4PAM-SS, and 4-PAM-P methods. However, the optimal values of
Nλ would differ for different methods, as the link design parameters
𝐼𝑁𝑇𝑅𝐹
such as signal-interference loss 𝑃𝐿𝑜𝑠𝑠
and SNRTarget differ between
different methods (see Table 1).

4.2 Design for Reliability and Bandwidth
We can use the search heuristic given in Section IV-A to find the
constraint-satisfying optimal value of Nλ that can achieve either
maximum bandwidth in terms of aggregate bit transfer rate or
desired reliability in terms of BER for designed photonic links. As
can be implied from [10] and [30], traditionally, the designs of
photonic links are optimized to achieve maximum bandwidth, and
while doing so the reliability of the designed photonic links is
usually disregarded. Therefore, in the link-bandwidth maximizing
optimization frameworks presented in [10] and [30], only the noiselimited detector sensitivity is utilized, and the parameter SNRTarget
is ignored. From Eq. (3), when the parameter SNRTarget is ignored to
achieve maximum bandwidth, the detector sensitivity or the
minimum detectable signal power (S) is set to be equal to the total
noise power. As a result, the available power budget can
accommodate greater number of λ-signals (corresponding to a
𝑑𝐵
larger value of Nλ) for a given 𝑃𝐿𝑜𝑠𝑠
, but each of these wavelength
signals yields such a small value of signal power that can be hardly
distinguished from the noise power. This results in poor SNR, BER,
and communication reliability for the bandwidth-maximized
photonic links.
In contrast, we utilize the parameter SNRTarget in Eq. (3) and the
search heuristic to optimize the links for desired reliability.
Introducing the parameter SNRTarget in our optimization framework
sets the minimum detectable signal power (S) to a higher level,
because of which the available power budget can accommodate
only a small number of λ-signals. Nevertheless, doing so ensures
that all the supported λ-signals achieve the target SNR. As a result,
desired BER and communication reliability can be achieved for the
reliability-optimized links. As discussed in [12], BER is a more
appropriate measure of reliability than SNR, and a BER of 10 -9 is a
standard target for reliable on-chip communication. Therefore, we
choose appropriate values of SNRTarget that correspond to BER of
10-9 for different signaling methods. From the equations given in
[12], and as shown in Table 1, to achieve a BER of 10 -9, OOK and
4-PAM signaling require SNR of 21.7dB and 31.3dB, respectively.
For given noise power, 4-PAM signaling requires greater SNR to
achieve a BER of 10-9, as a given amount of noise power impacts a
4-PAM signal more than an OOK signal, due to the decreased gap
between different optical transmission levels of the 4-PAM signal.
As mentioned in Section I, our goal in this paper is to evaluate
the impact of the optimized designs of OOK, 4-PAM-SS, and 4PAM-P based photonic links on the performance, reliability and energy-efficiency of a well-known PNoC architecture: an 8-ary 3stage CLOS PNoC [4]. To achieve this goal, we first optimize
OOK, 4-PAM-SS, and 4-PAM-P based single-waveguide photonic

links for reliability to achieve BER of 10-9, using our search heuristic given in Section IV-A. We optimize 4.5cm long single-waveguide links, as according to our geometric analysis of the CLOS
PNoC, and from [4], the longest link of the CLOS PNoC is 4.5cm
long. Optimizing a 4.5cm long single-waveguide link corresponds
to finding the optimal value of Nλ using the search heuristic when
all other parameters in Eq. (1)-(4) and Table 1 are set based on the
length and geometrical parameters (e.g., number and degree of
bends, number of splitters etc.) of the link. We set the number of
DWDM λs for all the links in the CLOS PNoC to be equal to the
optimal Nλ obtained for the reliability-optimized 4.5cm long link.
Table 2 gives optimal Nλ and worst-case optical loss (optical loss
for the longest 4.5cm link) values for OOK, 4-PAM-SS, and 4PAM-P based variants of the CLOS PNoC. We direct the readers to
Section V for more information on the architecture of the CLOS
PNoC. As our proposed 4-PAM-P method does not require any
additional photonic structures compared to the conventional OOK
method and due to the absence of interference induced signal loss,
the 4-PAM-P based variants have worst-case signal loss values that
are similar to the OOK based variants (Table 2). As evident from
Table 2, the 4-PAM signaling based reliability-optimized variants
of CLOS PNoC (CLOS-4PAM-SS and CLOS-4PAM-P) render
smaller Nλ than the OOK signaling based CLOS-OOK PNoC. This
is because the SNRTarget value of 31.3dB for 4-PAM signaling is
greater than the SNRTarget of 21.7dB for OOK signaling, which
reduces the available power budget for the 4-PAM signaling based
links, rendering smaller Nλ for 4-PAM signaling based variants of
CLOS PNoCs. Nevertheless, as will be clear in Section V, despite
having inferior bandwidth owing to the smaller Nλ, CLOS-4PAM-P
PNoC achieves better energy-efficiency than CLOS-OOK.
Table 2: DWDM degree (optimal Nλ), optical loss and photonic area
for different variants of CLOS PNoC
Configuration
Waveguide Worst-case Optical loss Photonic
DWDM
optical loss + 10log(Nλ)
area
(optimal Nλ)
(in dB)
(in dB)
(in mm2)
Reliability-optimized PNoCs
CLOS-OOK
64
-1.7
-19.70
2.64
CLOS-4PAM-SS
4
-6.4
-12.40
2.13
CLOS-4PAM-P
16
-1.7
-13.70
2.22
Bandwidth-neutral PNoCs
CLOS-OOK-BN
64
-1.7
-19.70
2.64
CLOS-4PAM-SS-BN
32
-6.4
-21.40
2.50
CLOS-4PAM-P-BN
32
-1.7
-16.70
2.36

Based on the standard dimensions and sizes of photonic devices
given in [10], we evaluated the total photonic area consumption of
the reliability-optimized variants of CLOS PNoC. The result of this
evaluation is also given in Table 2. As evident from the optimal Nλ,
worst-case loss, and photonic area results of the reliabilityoptimized CLOS PNoCs given in Table 2, CLOS-OOK achieves
the greatest bandwidth corresponding to the largest Nλ, whereas
CLOS-4PAM-SS and CLOS-4PAM-P achieve the best values of
photonic area and worst-case loss respectively. Thus, a clear winner
from the CLOS-4PAM-SS, CLOS-4PAM-P, and CLOS-OOK
PNoCs cannot be decided by looking at the reliability-optimized
results given in Table 2.
To have a fair comparison and to decide the superior method out
of the three signaling methods, we evaluate bandwidth neutral
designs (with equal aggregate bit transfer rates) of OOK, 4-PAMSS, and 4-PAM-P based variants of the CLOS PNoC, referred to as
CLOS-OOK-BN, CLOS-4PAM-SS-BN, and CLOS-4PAM-P-BN,
respectively. We evaluate the worst-case loss, optimal Nλ, and

photonic area values for all three bandwidth-neutral CLOS PNoCs,
which are listed in Table 2. Note that Nλ=32 for a 4-PAM signal and
Nλ=64 for an OOK signal both achieve equal bandwidth (aggregate
bit transfer rate), as a 4-PAM signal has 2× bit-rate than an OOK
signal (Section II). As evident from Table 2, among all three
bandwidth-neutral variants of CLOS PNoC, CLOS-4PAM-P-BN
achieves the best values of worst-case optical loss (which
determines required laser power) and photonic area. Therefore, it
can be concluded that 4-PAM-P method is more area- and energyefficient than 4-PAM-SS and OOK methods.
For a fairer and more comprehensive comparison of different
signaling methods, it is important to evaluate the bandwidth
(aggregate bit transfer rate), reliability, and energy-efficiency of all
the variants of the CLOS PNoCs listed in Table 2 for real
benchmark applications and in the presence of variations. Such an
evaluation is presented in the next section.

5 EVALUATION
5.1 Evaluation Setup
We considered a PNoC with an 8-ary 3-stage CLOS topology
[4] for a 256-core system, with 8 clusters (C1-C8) and 32 cores in
each cluster. Within each cluster, a group of four cores is connected
to a concentrator. Thus, each cluster has 8 concentrators and these
concentrators are connected electrically through a router for interconcentrator communication. The CLOS PNoC uses point-to-point
photonic links for inter-cluster communication, with a total of 56
waveguides being used to connect all 8 clusters of the CLOS PNoC.
Each point-to-point photonic link uses either forward or backward
propagating λs depending on the physical location of the source and
destination clusters. This PNoC uses two laser sources to enable
forward and backward communication. To power the 56
waveguides, the PNoC employs a series of 1X2, 1X7, and 1X4
splitters. Based on geometric analysis, we estimated the maximum
length of a WG in the CLOS PNoC to be 4.5cm. This 4.5cm long
WG act as a point-to-point link between cluster C6 and C1.
Modeling of Process Variations of MRs in CLOS PNoC: We
adapt the VARIUS tool [31] to model die-to-die (D2D) as well as
within-die (WID) process variations in MRs for the CLOS PNoC.
We consider a 256-core chip with die size 400mm2 at a 22nm
process node. For the VARIUS tool, we use the parameters and
procedures given in [6] and [14] to generate 100 process variation
(PV) maps, each containing over 1 million points indicating the PVinduced resonance shift of MRs. The total number of points picked
from these maps equal the number of MRs in the CLOS PNoC.
Simulation Setup: We performed benchmark-driven simulationbased analysis to evaluate the impact of various signaling methods
on the performance and efficiency of the CLOS PNoC architecture.
We modeled and simulated all the variants (reliability-optimized as
well as bandwidth-neutral) of the CLOS PNoC given in Table 2
using a cycle-accurate NoC simulator. We evaluated performance
for a 256-core single-chip architecture at a 22nm CMOS node. We
kept the number of WGs and basic floorplan of the architectures
constant across all the variants. We used real-world traffic from
applications in the PARSEC benchmark suite [15]. GEM5 fullsystem simulation [16] of parallelized PARSEC applications was
used to generate traces that were fed into our cycle-accurate NoC
simulator. In GEM5 simulations, we set a “warm-up” period of
100M instructions and then captured traces for the subsequent 1B
instructions. In our benchmark-driven simulations we evaluated
total power, average latency, and energy-per-bit (EPB) values for
different variants of CLOS PNoC. The results of this evaluation are
given in Section V-B and Section V-C.

Moreover, to evaluate dynamic energy consumption values, we
extended the photonic model of the DSENT tool [17] to include all
three signaling methods (OOK, 4-PAM-SS, and 4-PAM-P). Table
3 gives SNRTarget values, dynamic energy values, channel gap
between adjacent λs, and detector sensitivity (S) values (evaluated
using Eq. (3)) for all the variants of the CLOS PNoC considered in
our evaluation. In the table, the detector sensitivity values directly
correspond to SNRTarget values according to Eq. (3). The channel
gap values in Table 3 correspond to a free-spectral range of 50nm
and Nλ values given in Table 2.
Table 3: SNRTarget, detector sensitivity, channel gap (CG) between
adjacent λs, and dynamic energy for different variants of CLOS PNoC
ReliabilityCG
Dynamic
SNRTarget Detector
optimized/Bandwidth- (in dB) sensitivity (in nm)
energy
neutral PNoCs
S - in
(in fJ/bit)
dBm
CLOS-OOK /
21.7/0
-9.2/-22
0.83
2.2
CLOS-OOK-BN
4.4
17.33/
2.2
CLOS-4PAM-SS/
31.3/0
-4.4/-22
1.67
CLOS-4PAM-SS-BN
2.2
0
2.2
0.5
CLOS-4PAM-P/
3.47/
31.3/0
-4.4/-22
CLOS-4PAM-P-BN
1.67
0.2
0

Fig. 3. Average total power dissipation comparison for different
reliability-optimized configurations of the CLOS PNoC architecture.

5.2 Results for Reliability-Optimized CLOS PNoCs
Fig. 3 presents a comparison of total power dissipation values
for the CLOS-OOK, CLOS-4PAM-SS, and CLOS-4PAM-P
PNoCs. The power dissipation values in this figure are averaged
across different PARSEC benchmark applications. The error bars
in the figure represent maximum and minimum total power values
across the 100 PV maps. As evident, compared to CLOS-OOK,
CLOS-4PAM-P and CLOS-4PAM-SS dissipate 45.2% and 77.2%
lower total power respectively. From Table 2, CLOS-OOK has the
largest Nλ, whereas CLOS-4PAM-SS has the smallest Nλ. The
largest value of Nλ results in the largest flit-size and hence the
largest buffer-size, which in turn results in the highest power
dissipation in electrical concentrators. Moreover, the largest Nλ also
results in the highest number of MRs, which translates into the
highest amount of MR heating power. Due to these reasons, CLOSOOK dissipates the highest power compared to the other two
variants. In contrast, the smallest value of Nλ results in the lowest
power dissipation for CLOS-4PAM-SS. Moreover, from Table 2,
as the reliability-optimized CLOS-4PAM-P has greater Nλ than
CLOS-4PAM-SS, CLOS-4PAM-P has higher power dissipation.

Fig. 4(a), (b) present average packet latency and aggregate
energy-per-bit (EPB) for all three variants of the CLOS PNoC
across 12 multi-threaded PARSEC benchmarks. The error bars in
Fig. 4(b) represent maximum and minimum EPB values across the
100 PV maps.

being equally reliable compared to the OOK and 4-PAM-SS
methods.

5.3 Results for Bandwidth-Neutral CLOS PNoCs
As explained in Section IV-A, the bandwidths of all the
bandwidth-neutral variants (CLOS-OOK-BN, CLOS-4PAM-SSBN, and CLOS-4PAM-P-BN) are equal. Therefore, we do not
present the bandwidth (aggregate bit transfer rate) or average
latency results in this section. Instead, we only present total power
dissipation, EPB, and SNR/BER results.

(a)
(a)

(b)
Fig. 4. (a) Average packet latency, and (b) energy-per-bit comparison
for different reliability-optimized variants of CLOS PNoC across
PARSEC benchmarks. All results are normalized to the baseline
CLOS-OOK PNoC results.

As evident from Fig. 4(a), CLOS-4PAM-P achieves 29.8% lower
average latency than CLOS-4PAM-SS, whereas CLOS-OOK
achieves 50% and 28.8% lower average latency than CLOS-4PAMSS and CLOS-4PAM-P respectively. The larger value of Nλ results
in increased simultaneous bit transfers, which in turn renders lower
average latency for CLOS-4PAM-P compared to CLOS-4PAM-SS.
Similarly, the largest Nλ results in the lowest average latency for
CLOS-OOK. From Fig. 4(b), CLOS-4PAM-P has 12.7% and 11.5%
lower EPB compared to CLOS-OOK and CLOS-4PAM-SS
respectively. The 4-PAM signaling used in CLOS-4PAM-P makes
better use of MR heating power and electrical concentrator power
by modulating two bits using only one modulator MR. As a result,
CLOS-4PAM-P renders better energy-efficiency in terms of lower
EPB than CLOS-OOK. Interestingly, CLOS-4PAM-SS also uses 4𝐼𝑁𝑇𝑅𝐹
PAM signaling, but the higher value of 𝑃𝐿𝑜𝑠𝑠
for 4-PAM-SS
increases the signal loss, which results in very small Nλ, and hence,
worse energy-efficiency (EPB) for CLOS-4PAM-SS.
As evident from Fig. 4(b), CLOS-4PAM-SS yields lower EPB
than CLOS-OOK on average, as CLOS-4PAM-SS dissipates 45.2%
less power, but it yields 2× average latency than CLOS-OOK on
average. But for some applications such as Bodytrack, Facesim,
Swaptions, and X-264, CLOS-4PAM-SS yields greater EPB than
CLOS-OOK. This is because for these applications, CLOS-4PAMSS yields greater than 2× latency compared to CLOS-OOK, the
effect of which translates into greater EPB.
Note that the BER for all the three reliability-optimized variants
of the CLOS PNoC is 10-9. It can be observed from these results
that 4-PAM-P signaling method is more energy-efficient while

(b)
Fig. 5. (a) Worst-case SNR, (b) average total power dissipation
comparison for different bandwidth-neutral configurations of the
CLOS PNoC.

Fig. 5(a) plots the worst-case SNR values for different
bandwidth-neutral variants of the CLOS PNoC. CLOS-OOK-BN,
CLOS-4PAM-SS-BN, and CLOS-4PAM-P-BN yield SNR values of
14dB, 19dB and 20.5dB respectively, which translates into BER
values of 6.2×10-3, 1.7×10-2, and 4.1×10-3 respectively (using the
equations given in [12]). It can be implied from these results of SNR
and BER that CLOS-4PAM-P-BN achieves greater communication
reliability (corresponding to smaller BER) than CLOS-4PAM-SSBN and CLOS-OOK-BN. As shown in Table 2 and Table 3, among
all the bandwidth-neutral PNoCs, CLOS-4PAM-P-BN has the least
signal loss and the largest channel gap. The largest channel gap
𝐻𝑇𝐶
results in the least value of heterodyne crosstalk noise power 𝑃𝑁𝑜𝑖𝑠𝑒
[6][24]. Due to the combined effects of these factors, CLOS-4PAMP-BN achieves the best SNR, BER, and communication reliability.
Fig. 5(b) gives average power dissipation for different
bandwidth-neutral variants of the CLOS PNoC. CLOS-4PAM-PBN has 16.9% and 19.5% lower total power dissipation compared
to CLOS-OOK-BN and CLOS-4PAM-SS-BN respectively.
Decrease in laser power (due to decrease in through losses), ring
heating power (due to decrease in number of MRs) and dynamic
energy (as shown in Table 3) contributes to decrease in total power
dissipation of CLOS-4PAM-P-BN compared to CLOS-4PAM-SSBN and CLOS-OOK-BN.
Lastly, Fig. 6 presents EPB values for all three bandwidthneutral variants of the CLOS PNoC across PARSEC benchmarks.
It can be seen that on an average, the CLOS-4PAM-P-BN has 14.6%
and 16.3% lower EPB compared to CLOS-OOK-BN and CLOS-

4PAM-SS-BN respectively. Decrease in total energy consumption
of CLOS-4PAM-P-BN compared to CLOS-OOK-BN and CLOS4PAM-SS-BN reduces its EPB. Note that, in Fig. 5(a), (b), and Fig.
6, the error bars represent maximum and minimum across the 100
PV maps of the SNR, total power, and EPB values, respectively.

[6]
[7]
[8]

[9]
[10]
[11]

Fig. 6. Energy-per-bit comparison for different bandwidth-neutral
variants of CLOS PNoC across PARSEC benchmarks. All results are
normalized to the baseline CLOS-OOK-BN PNoC results.

In summary, we showed that PNoCs that utilize our proposed 4PAM-P signaling based photonic links have greater reliability,
energy-efficiency, and area-efficiency for the same bandwidth
compared to the PNoCs that are comprised of 4-PAM-SS or OOK
signaling based photonic links. These results corroborate the
excellent capabilities of our proposed 4-PAM-P optical signaling
method in achieving high-bandwidth data transfers in PNoCs with
greater reliability, area-efficiency, and energy-efficiency.
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6 CONCLUSIONS
This paper presents a novel method, called 4-PAM-P, for
generating 4-PAM optical signals in PNoCs, which can double the
aggregate bandwidth without increasing utilized wavelengths,
photonic hardware, and incurred noise, thereby improving the biterror-rate (BER), area-efficiency, and energy-efficiency of PNoCs.
Our analysis shows that our 4-PAM-P method achieves equal
bandwidth with 4.2× better BER, 19.5% lower power, 16.3% lower
energy-per-bit, and 5.6% less photonic area compared to the best
known 4-PAM optical signaling method (4-PAM-SS) from prior
work. Moreover, our 4-PAM-P method achieves equal bandwidth
with 1.5× better BER, 16.9% lower power, 14.6% lower EPB, and
10.6% less photonic area compared to the conventional OOK
signaling method. These results corroborate the excellent
capabilities of our proposed 4-PAM-P method in achieving highbandwidth data transfers in PNoCs with greater reliability, area- and
energy-efficiency.
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